Journal  of  Power  Sources  196  (2011)  2551-2557 


ELSEVIER 


Contents  lists  available  at  ScienceDirect 

Journal  of  Power  Sources 

journal  homepage:  www.elsevier.com/locate/jpowsour 


in 

SllbaidtS 


Electrochemical  characteristics  of  samaria-doped  ceria  infiltrated 
strontium-doped  LaMn03  cathodes  with  varied  thickness  for  yttria-stabilized 
zirconia  electrolytes 

Dong  Ding3b,  Mingyang  Gong3,  Chunchuan  Xuc,  Nicholas  Baxter3,  Yihong  Li3, 

John  Zondloc,  Kirk  Gerdesb,  Xingbo  Liua  b  * 

a  Mechanical  and  Aerospace  Engineering  Department,  West  Virginia  University,  Morgantown,  WV 26506,  United  States 
b  National  Energy  Technology  Laboratory,  Morgantown,  WV  26507,  United  States 
c  Chemical  Engineering  Department,  West  Virginia  University,  Morgantown,  WV 26506,  United  States 


ARTICLE  INFO 


ABSTRACT 


Article  history: 

Received  14  September  2010 

Received  in  revised  form  1  November  2010 

Accepted  3  November  2010 

Available  online  9  November  2010 


Keywords: 

Doped  ceria 

Sr-doped  LaMn03  cathode 
Infiltration 

Yttria-stabilized  zirconia 
Solid  oxide  fuel  cells 


Samaria-doped  ceria  (SDC)  infiltrated  into  strontium-doped  LaMn03  (LSM)  cathodes  with  varied  cathode 
thickness  on  yttria-stabilized  zirconia  (YSZ)  were  investigated  via  symmetrical  cell,  half  cell,  and  full  cell 
configurations.  The  results  of  the  symmetrical  cells  showed  that  the  interfacial  polarization  resistance 
( RP )  decreased  with  increasing  electrode  thickness  up  to  ~30  (Jim,  and  further  increases  in  the  thickness  of 
the  cathode  did  not  cause  significant  variation  of  electrode  performance.  At  800  °C,  the  minimum  RP  was 
around  0.05  Q  cm2.  The  impedance  spectra  indicated  that  three  main  electrochemical  processes  existed, 
possibly  corresponding  to  the  oxygen  ion  incorporation,  surface  diffusion  of  oxygen  species  and  oxygen 
adsorption  and  dissociation.  The  DC  polarization  on  the  half  cells  and  characterization  of  the  full  cells  also 
demonstrated  a  similar  correlation  between  the  electrode  performance  and  the  electrode  thickness.  The 
peak  power  densities  of  the  single  cells  with  the  10, 30,  and  50-fxm  thick  electrodes  were  0.63, 1.16  and 
1.11  W cm-2,  respectively.  The  exchange  current  densities  under  moderate  polarization  are  calculated 
and  possible  rate-determining  steps  are  discussed. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Because  of  its  thermal  stability  and  chemical  compatibility,  Sr- 
doped  LaMn03  (LSM)  is  the  most  commonly  used  cathode  for 
the  yttria-stabilized  zirconia  (YSZ)  electrolyte  in  solid  oxide  fuel 
cells  (SOFCs)  operating  above  800  °C  [1,2].  As  the  performance 
of  the  SOFCs  is  regarded  to  be  primarily  restricted  by  both  the 
ohmic  behavior  derived  from  the  electrolyte  and  the  interfacial 
polarization  associated  mainly  with  the  cathode  kinetics  [3  ],  exten¬ 
sive  research  efforts  have  been  devoted  to  the  fabrication  of  the 
electrolyte  membrane  and  the  development  of  high-performance 
cathode  materials.  Since  there  have  been  great  advances  for  YSZ 
film  preparation  recently  [4-6],  it  is  desirable  to  develop  a  high- 
performance  LSM  electrode  for  application  as  a  cathode  material  in 
the  SOFC. 

Construction  of  a  composite  cathode  is  a  potentially  effective 
strategy  to  improve  the  electrode  performance  due  to  the  extension 
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of  the  triple-phase-boundary  (TPB)  region  away  from  the  physi¬ 
cal  electrolyte/electrode  interface  [7,8].  Recently,  ion-infiltration 
(or  ion-impregnation)  methods  were  widely  employed  to  fabricate 
composite  electrodes,  and  electrodes  so  composed  were  reported 
to  possess  high  electrocatalytic  activity  [9-11].  Infiltrated  elec¬ 
trodes  were  also  experimentally  demonstrated  to  have  larger  TPB 
length  compared  to  conventional  composite  cathodes  due  to  the 
introduction  of  nano-sized  oxide  particles  [12-14]. 

There  are  two  basic  infiltration  strategies  with  respect  to  the 
LSM-related  cathode  [15,16]:  one  is  to  infiltrate  LSM  nano-particles 
into  a  single-phase  ionic-conducting  percolated  network  [17], 
while  the  other  is  infiltrating  ionically  conducting  species  into  the 
LSM  backbone  [18].  Compared  with  the  former,  the  infiltrated-LSM 
cathodes  have  the  advantage  of  easily  forming  the  desired  phase 
of  the  infiltration  particles  [16],  and  could  facilitate  fundamental 
research  of  the  modified  LSM  cathode.  Doped  ceria  species  were 
usually  chosen  as  an  infiltrate  due  to  its  high  ionic  conductiv¬ 
ity  [19].  Jiang  et  al.  comprehensively  studied  the  Gd-doped  ceria 
(GDC)  infiltrated  LSM  cathodes  on  YSZ  electrolytes  in  symmetric 
cell  experiments  [18,20,21],  and  they  found  that  a  5.8  mg  cm-2 
GDC  infiltrated  LSM  electrode  had  a  polarization  resistance  of 
0.21  £2  cm2  at  700  °C,  much  lower  than  the  baseline  LSM  electrode 
having  a  value  of  around  1 2  £2  cm2 .  A  series  of  electrochemical  char- 
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acterizations  made  by  this  same  group  have  also  demonstrated  that 
GDC  infiltration  can  cause  a  significant  improvement  in  the  electro- 
catalytic  kinetics  of  the  LSM  electrode.  Unfortunately,  there  are 
no  reports  available  associated  with  doped-ceria  infiltrated  LSM 
applied  to  full  cells  with  YSZ  electrolytes.  Xia  et  al.  investigated 
the  SDC  infiltrated  LSM  cathode  on  SDC  electrolytes.  This  work  was 
mainly  concerned  with  the  oxygen  reduction  mechanism  [22]  and 
some  preparation  parameters  [23,24].  The  peak  power  density  of 
0.1 2  and  0.46  W  cm-2  was  reported  at  600  °C  when  SDC  was  used  as 
the  electrolyte,  implying  that  the  infiltrated-LSM  electrode  is  more 
suitable  used  at  a  temperature  range  of  700  °C  and  above  in  which 
YSZ  is  more  commonly  used  as  the  electrolyte. 

As  mentioned  above,  the  composite  electrode  may  possess  a 
more  voluminous  electrochemical  reaction  zone  by  extending  the 
TPB  into  the  bulk  electrode.  Increasing  the  electrode  thickness 
will  thus  lead  to  an  increase  in  the  TPB  length,  giving  rise  to 
improved  electrode  performance.  However,  an  increase  in  the  elec¬ 
trode  thickness  will  extend  the  electronic  or  ionic  conduction  path 
and  the  gas  molecules’  diffusion  length,  resulting  in  an  increase  in 
the  electrode  ohmic  and  concentration  polarization  losses.  Most 
importantly,  in  the  case  of  the  infiltrated  cathode,  the  effect  of 
the  infiltrated  specie  on  TPB  extension  will  be  predictably  limited 
since  the  nano-particles  are  deposited  onto  the  inner  surface  of 
pre-formed  electrode  backbone.  Therefore,  an  optimal  thickness 
corresponding  to  the  minimum  electrode  polarization  resistance 
will  definitely  exist.  The  relationship  between  the  electrode 
polarization  resistance  and  electrode  thickness  has  been  inves¬ 
tigated  with  various  models  [25-27].  For  Bao.sSro.sCoo.sFeo^O^s 
infiltrated  GDC  cathodes,  Nicholas  and  Barnett  [28]  used  a  finite  ele¬ 
ment  model  to  illustrate  that  the  polarization  resistance  decreases 
with  electrode  thickness,  and  the  resistance  appears  to  reach  an 
asymptotic  limit  at  electrode  thicknesses  greater  than  ~10p,m 
for  Bao.5Sr0.5Coo.8Feo.203_5  infiltrated  GDC  cathodes.  Recently,  a 
particle-layer  model  proposed  by  Zhang  and  Xia  [29]  predicted 
that  minimum  polarization  resistances  will  be  achieved  for  infil¬ 
trated  cathodes  which  are  thinner  than  the  conventional  composite 
cathode.  Experimental  studies  also  described  the  relationship  of 
electrode  performance  and  thickness.  Kenjo  et  al.  [25]  found  that 
the  electrode  polarization  resistance  decreases  with  its  thickness 
to  a  minimum  value  at  the  thickness  of  ~10  [xm  for  LSM-YSZ  and 
30-40  |jim  for  Pt-Er0.4Bio.603.  Juhl  et  al.  [30]  reported  that  the  resis¬ 
tance  of  LSM-YSZ  decreases  with  increasing  thickness  in  the  range 
of  2-12  fun,  and  the  influence  of  thickness  on  the  electrode  resis¬ 
tance  is  more  sensitive  at  700  °C  and  850  °C  compared  to  1000°C. 
Barbucci  et  al.  [31]  performed  impedance  measurements  of  the 
LSM-YSZ  composite  cathodes  possessing  different  thicknesses.  The 
polarization  resistance  generally  decreases  with  increasing  thick¬ 
ness  up  to  about  40  \xm,  with  a  slight  increase  in  polarization  for 
larger  thickness.  However,  no  data  are  reported  regarding  the  infil¬ 
trated  electrode  so  far. 

In  our  present  work,  we  investigate  the  performance  of  samaria- 
doped  ceria  (SDC)  infiltrated  into  strontium-doped  LaMn03 
cathodes  with  various  electrode  thicknesses  on  yttria-stabilized 
zirconia  electrolytes.  Performance  is  characterized  using  sym¬ 
metrical  cell,  half  cell  and  full  cell  test  configurations.  The 
electrochemical  behaviors  of  the  infiltrated  electrodes  under  open 
circuit  and  electrical  load  were  studied,  and  the  cathode  reaction 
kinetics  are  discussed. 


2.  Experimental 

Symmetrical  cells  with  yttria-stabilized  zirconia  (YSZ) 
electrolytes  and  samaria-doped  ceria  (SDC)  infiltrated  into 
Lao.8Sr0.2Mn03  (LSM)  cathodes  were  prepared  to  determine  inter¬ 
facial  polarization  resistance  ( RP ).  8mol%  Y203  stabilized  Zr02 


powders  (8YSZ,  Tosoh,  SB  grade)  were  uniaxially  cold  pressed 
at  400  MPa  and  sintered  at  1450  °C  for  5h  to  form  electrolyte 
substrate  discs  approximately  10.5  mm  in  diameter  and  1  mm  in 
thickness.  The  La0.8Sr0.2MnO3  (LSM)  ink  was  prepared  by  mixing 
commercial  LSM  powder  (Nextech,  6.2  m2  g-1 ),  1 0  wt.%  graphite  as 
pore  former  and  terpineol  in  a  ceramic  3-roll  mill  for  30  min.  LSM 
was  then  screen-printed  on  both  sides  of  YSZ  pellets  and  sintered 
at  1100°C  for  2h  to  form  LSM  cathode  backbones.  The  thickness 
of  LSM  cathode  backbones  was  increased  by  sequential  screen 
printing  of  LSM.  The  SDC  particles  were  coated  onto  the  inner 
surface  of  the  porous  LSM  backbone  using  an  ion-infiltration  pro¬ 
cess.  An  aqueous-ethanol  solution  (H20:ethanol  =  2:3)  containing 
Ce(N03)3  and  Sm(N03)3  (Ce3+:Sm3+  =  4:1)  was  infiltrated  into  each 
side  of  porous  LSM  electrode,  dried  at  70  °C,  and  heated  at  800  °C 
for  2h  to  form  Ce0.8Sm0.2Oi.9  particles.  All  metal  nitrates  were  of 
analytical  grade  from  the  Alfa  Aesar  chemical  reagent  company. 
The  SDC  loading  was  determined  by  weighing  the  samples  before 
infiltration  and  after  heating,  and  is  defined  as  the  weight  percent 
of  SDC  in  the  SDC-infiltrated  LSM  electrode.  Since  it  is  reported 
that  the  infiltration  loading  has  a  distinct  effect  on  electrode 
performance,  the  identical  SDC  loading  weight  ratio  (50  wt.%) 
was  employed  for  comparison  [14,32].  In  our  work,  a  50  wt.% 
SDC-infiltrated  LSM  was  found  to  have  a  minimum  polarization 
resistance  compared  with  other  loadings,  which  is  in  agreement 
with  those  reported  by  Jiang  et  al.  [33]. 

A  half  cell  with  a  three-electrode  configuration  was  used  to  mea¬ 
sure  the  overpotential  of  the  SDC-infiltrated  LSM  electrodes.  Here 
the  YSZ  electrolyte  substrates  were  about  25  mm  in  diameter  and 
1  mm  in  thickness.  A  SDC-infiltrated  LSM  working  electrode  (WE) 
was  fabricated  by  the  same  process  as  described  for  the  symmet¬ 
rical  cells.  The  working  electrode  area  was  0.71  cm2.  The  counter 
electrode  (CE)  was  prepared  by  applying  Pt  paste  (Heraeus  Mate¬ 
rials  Tech.  LLC)  to  the  opposite  side  of  the  WE  on  the  electrolyte. 
The  Pt  reference  electrode  (RE)  was  deposited  as  a  ring  around  WE 
and  the  distance  between  the  WE  and  RE  was  around  4  mm.  After 
application,  both  the  CE  and  RE  were  thermally  treated  at  800  °C 
for  30  min. 

A  full  cell  consisting  of  a  NiO-YSZ  anode  substrate,  YSZ  elec¬ 
trolyte  film,  and  SDC-infiltrated  LSM  cathode  was  fabricated 
for  further  electrochemical  investigation.  The  bi-layer  containing 
the  anode  substrate  and  electrolyte  film  was  fabricated  with  a 
spin-coating  and  co-sintering  technique.  Anode  powders  of  NiO 
(NexTech,  Standard  grade),  YSZ  (8YSZ,  Tosoh,  S  grade)  and  the 
pore  former  in  a  weight  ratio  of  45:45:10  were  ball  milled  for 
24  h  with  ethanol  as  the  medium.  The  powders  were  dried  at  75  °C 
overnight,  screened  with  a  1 20-mesh  sieve,  and  pressed  at  1 40  MPa 
into  green  pellets.  The  pellets  were  pre-sintered  at  1 100  °C  for  2  h 
to  form  the  anode  substrate.  The  YSZ-film  layer  was  deposited  with 
a  spin  coater.  The  YSZ  electrolyte  colloidal  solution  was  prepared 
by  ball-milling  the  YSZ  powder  in  ethanol  containing  polyvinyl 
butyral/ethyl  cellulose  as  a  binder  and  polyethyleneimine  as  a  dis¬ 
persant.  After  co-sintering  of  anode/electrolyte  at  1450  °C  for  5h, 
the  SDC-infiltrated  LSM  cathode  was  prepared  using  the  same  pro¬ 
cess  as  that  described  for  the  half  cell.  Noted  that  the  thickness  of 
electrolyte  is  around  10  [xm  and  the  area  of  the  cathode  is  approx¬ 
imately  0.7  cm2. 

Electrochemical  impedance  spectroscopy  (EIS)  measurements 
for  symmetrical  cells  were  performed  in  ambient  air  under  open 
circuit  conditions  from  600  to  800  °C,  a  typical  temperature  range 
for  intermediate-temperature  SOFCs.  Impedance  spectra  were 
measured  in  the  frequency  range  of  1  MHz  to  0.1  Hz  with  20  mV 
amplitude  of  the  AC  signal  (SI  solatron  1 260).  The  spectra  were  ana¬ 
lyzed  using  impedance  analyzer  software  (ZsimpWin,  PerkinElmer 
Instruments).  The  electrode  overpotential  was  measured  at  800  °C 
in  conjunction  with  EIS  and  DC  polarization  (SI  solatron  1287). 
The  overpotential,  r],  could  be  calculated  by  the  following 


equation  [33]: 
h  =  Uwr  -  iRohm 
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(1) 

where  Uwr  is  the  stable  voltage  between  WE  and  RE,  obtained  when 
passing  a  direct  current,  i,  through  the  half  cell  for  at  least  30  min, 
and  Rohm  is  the  ohmic  resistance  obtained  from  the  high  frequency 
intercept  of  real  axis  in  the  impedance  spectrum.  The  full  cells  were 
assembled  using  the  two  alumina  flanges  to  mount  with  compres¬ 
sive  mica  gasket  as  seals.  Pt  meshes  were  attached  to  both  the  anode 
and  the  cathode  surfaces  using  nickel  and  platinum  paste,  respec¬ 
tively.  The  detailed  test  setup  was  described  previously  [34,35]. 
Electrochemical  testing  was  performed  at  800  °C  with  humidified 
hydrogen  (3%  H20)  as  the  fuel  at  a  flow  rate  of 200  seem.  The  air  flow 
on  the  cathode  side  was  maintained  at  300  seem.  The  microstruc¬ 
ture  and  thickness  of  the  cathode  was  investigated  using  scanning 
electron  microscopy  (SEM,  JEOL  7600F). 

3.  Results  and  discussions 

3.1.  Cathode  thickness  determination  and  microstructure 
evolution 

The  correlation  between  LSM  cathode  thickness  and  screen- 
print  cycles  is  summarized  in  Fig.  1.  One  layer  of  screen  print 
clearly  results  in  a  sintered  electrode  thickness  of  10  p,m.  For  sake 
of  establishing  linearity,  15  cycles  were  demonstrated  to  achieve 
the  150  |jim  thick  LSM  cathode.  Fig.  2a  and  b  show  the  typical  SEM 
images  of  the  LSM  baseline  cathode  and  SDC-  infiltrated  LSM  cath¬ 
ode.  The  pure  LSM  appears  porous  and  consists  of  particles  with 


Cycles  of  Screen  Printing 

Fig.  1.  Dependence  of  the  electrode  thickness  on  cycles  of  screen  printing. 


an  average  particle  size  of  2  p,m.  The  pore  size  is  about  1-3  p,m. 
After  infiltration,  LSM  particles  appear  to  be  covered  by  film  and 
the  interconnection  between  particles  was  much  closer.  Compara¬ 
tive  effect  of  the  SDC  infiltration  is  clearly  shown  in  Fig.  2c  and  d  at 
higher  magnification.  The  deposited  particles  are  nanoscale  in  size 
(20-30  nm)  and  are  identified  by  X-ray  diffraction  (XRD,  Panalytical 
X’Pert  Pro  PM-3040)  as  SDC.  Compared  with  the  smooth  surface  of 
pure  LSM  particles,  the  infiltrated  rough  surface  of  LSM  particles  is 
coated  with  mostly  spherical  SDC  particles  as  a  nearly  continuous 
film  at  50  wt.%  loading. 


Fig.  2.  SEM  micrographs  of  (a)  a  LSM  baseline  cathode;  (b)  a  SDC  infiltrated  LSM  cathode;  (c)  a  higher  magnification  for  (a);  and  (d)  a  higher  magnification  for  (b). 
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Fig.  3.  Correlation  between  the  interfacial  polarization  resistance  and  the  electrode 
thickness  for:  (a)  SDC-infiltrated  LSM  cathodes;  and  (b)  LSM  baseline  cathodes. 


3.2.  Electrochemical  characterization  on  symmetrical  cells 

The  relationship  between  the  interfacial  polarization  resistance 
and  the  infiltrated  cathode  thickness  is  shown  in  Fig.  3a.  Rp  is 
defined  here  as  half  of  the  difference  between  the  high  and  low 
frequency  intercept  on  the  real  axis  of  the  impedance  spectrum. 
RP  decreases  when  the  electrode  thickness  increases  from  10  to 
30  pm,  with  a  slight  increase  in  RP  as  thickness  further  increases  up 
to  50  fun.  For  example,  RP  is  0.186  £2  cm2  for  the  electrode  with  a 
thickness  of  1 0  pm  at  800  °C.  It  decreases  to  0.064  and  0.048  Q  cm2 
as  the  electrode  thickness  increases  respectively  to  20  and  30  [xm 
while  the  50  pan  thick  electrode  has  a  RP  of  the  0.053  £2  cm2.  Such 
variability  is  very  similar  to  that  of  conventional  LSM-YSZ  com¬ 
posite  cathodes  reported  by  Barbucci  et  al.  [31  ].  After  the  cathode 
thickness  exceeds  50  pan,  RP  is  nearly  constant  through  tests  con¬ 
ducted  at  increased  electrode  thickness  up  to  150  pm,  which  is  15 
times  thicker  than  the  thinnest  electrode.  For  sharp  contrast  to  the 
infiltrated  cell  behavior,  Fig.  3b  shows  RP  vs.  electrode  thickness  for 
the  pure  LSM  cathode.  The  polarization  resistance  is  almost  con¬ 
stant  at  each  temperature  even  as  the  electrode  thickness  reaches 
1 00  pm.  RP  at  800  °C  for  the  LSM  baseline  cathode  is  over  1 00  times 
larger  than  that  of  the  SDC-infiltrated  LSM  cathode. 

Shown  in  Fig.  4a-g  are  typical  Nyquist  plots  of  the  SDC- 
infiltrated  LSM  for  different  cathode  thickness  measured  at  800  °C. 
It  is  clear  that  the  infiltrated  cathode  spectra  exhibit  invariant 
frequency  distribution  as  thickness  increases,  suggesting  that  the 
oxygen  exchange  processes  are  not  sensitive  to  electrode  thick¬ 
ness  [33].  The  impedance  spectra  were  fitted  using  an  equivalent 
circuit,  as  shown  in  Fig.  4h.  Flere  L  is  the  inductance,  Rs  is  the  series 
resistance  assigned  to  the  electrolyte  and  the  lead  wires.  (ftQ.)  in 
series  represents  the  arcs  appearing  at  different  frequency  ranges, 
in  which  R  is  the  corresponding  resistance  and  Q. the  constant  phase 
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Fig.  4.  Typical  impedance  spectra  measured  at  800  °C  under  open  circuit  for  the 
SDC-infiltrated  LSM  cathodes  with  different  thickness:  (a)  10p,m;  (b)  20pJm;  (c) 
30  |jim;  (d)  40  p,m;  (e)  50  |jim;  (f)  100  p,m;  and  (g)  150  (Jim;  and  (h)  the  equivalent 
circuit  used  for  fitting  these  spectra. 
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element  for  each  arc.  Q. can  be  expressed  as  follows: 

Q  =  VoC/w)n  (2) 

where  Y0  is  the  admittance,  w  is  the  angular  frequency,  and  n  a 
frequency  exponent.  The  subscripts  H,  /,  and  L  refer  to  the  high, 
intermediate  and  low  frequency  arcs.  An  extra  low  frequency  arc 
was  observed  above  700  °C  and  an  additional  (PQ//)  was  thus 
applied  to  the  circuit.  The  pseudocapacitance  of  each  (PQ.)  can  be 
calculated  according  to  the  equation: 

C  =  Y0(Y0Rf-n)/n  (3) 

Actually,  the  equivalent  circuit  shown  in  Fig.  4h  can  resolve 
all  impedance  spectra  over  the  testing  temperature  range  of 
600-800  °C  better  than  using  other  possible  circuits  such  as  two 
(PQ.)  in  series  or  a  nested  or  ladder  type  of  two  (PQ),  also  imply¬ 
ing  the  uniformity  of  electrode  process  with  variation  in  infiltrated 
electrode  thickness. 

Fig.  5a-c  shows  the  temperature  dependence  of  Rh,  Pj,  and  PL  for 
several  electrode  thicknesses.  The  resolved  resistances  correspond¬ 
ing  to  high,  intermediate  and  low  frequency  demonstrated  good 
linear  fit  when  plotted  against  the  reciprocal  temperature  and  also 
similar  activation  energy  except  those  derived  from  10  [xm  thick 
cathode.  Noted  that  at  this  stage  no  convincing  evidence  has  been 
available  to  be  related  to  this  difference  in  10|xm  thick  cathode 
and  those  much  thicker  cathode.  RH  decreased  with  increased  elec¬ 
trode  thickness.  The  high  frequency  arc  is  possibly  derived  from  the 
charge  transfer  processes  associated  with  oxygen  ion  incorporation 
from  the  TPB  to  the  YSZ  electrolyte  lattice,  which  is  closely  related 
to  the  TPB  length.  For  the  SDC-infiltrated  LSM  electrodes,  addi¬ 
tional  TPB  locations  would  form  and  the  electrochemically  active 
sites  would  be  extended  to  the  region  where  LSM,  SDC  and  gas 
meet.  An  increase  in  electrode  thickness  increases  the  TPB  length 
(to  an  optimal  limit),  establishing  more  locations  for  oxygen  ion 
incorporation.  This  could  be  further  confirmed  by  the  fact  that  the 
capacitance  increased  with  electrode  thickness.  For  example,  the 
capacitance  measured  at  800  °C  was  0.15  mF cm-2  for  the  10|xm 
thick  SDC-infiltrated  LSM  electrode.  It  increased  to  0.26  mF  cm-2 
for  the  30  |xm  thick  electrode  and  to  0.31  mFcnrr2  for  the  50  |xm 
thick  electrode.  At  the  electrode  thicknesses  of  100  and  150fxm, 
the  capacitances  of  the  high-frequency  arcs  increased  to  0.45  and 
0.44  mF  cm-2,  respectively.  It  seems  that  the  capacitance  is  very 
sensitive  to  the  TPB  length  since  Rp  appeared  to  be  constant  for 
thicknesses  exceeding  50  |xm.  In  the  literatures,  there  is  gener¬ 
ally  an  agreement  to  attribute  the  high  frequency  arc  to  the  02~ 
incorporation  across  the  electrode/electrolyte  interfaces.  Kim  et  al. 
[36]  studied  the  impedance  spectroscopy  of  an  LSM-YSZ  composite 
electrode  on  YSZ  electrolytes,  and  they  found  that  the  capacitance 
of  the  high-frequency  arc  was  ~10-4Fcm-2,  which  is  similar  in 
value  to  our  results.  They  attributed  such  an  arc  to  the  02~  incor¬ 
poration  due  to  a  weak  Pq2  dependence  of  RH.  Wang  et  al.  [37]  also 
had  a  similar  conclusion.  In  addition,  Wang  et  al.  found  that  the 
activation  energy  of  Rh  was  1.1  eV  as  the  ionic  conducting  compo¬ 
nent  in  the  composite  electrodes  was  relatively  high.  Their  finding 
is  similar  to  the  present  results  except  for  the  10  [xm  thick  elec¬ 
trode  as  shown  in  Fig.  5a.  Furthermore,  the  high-frequency  arc  in 
the  present  work  showed  a  summit  frequency  of  ~104  FIz,  which 
was  comparable  to  a  report  by  Jorgensen  and  Mogensen  [38].  All 
of  these  characteristics  of  the  high-frequency  arc  suggest  that  our 
results  are  in  good  agreement  with  those  in  the  literature  and  it 
is  reasonable  to  attribute  the  high-frequency  arc  to  the  process  of 
oxygen  ion  incorporation. 

Similar  to  the  high-frequency  arc,  the  intermediate-frequency 
arc  behavior  was  characterized  by  a  decrease  in  the  resistance  (see 
Fig.  5b)  and  an  increase  in  the  capacitance  with  coating  thickness. 
The  capacitance  was  0.84  mF  cm-2  for  the  10  |xm  thick  electrode, 


1000/T  /  K"1 


Fig.  5.  Dependence  of  (a)  RH,  (b)  Rr,  and  (c)  RL  on  temperature  for  the  SDC-infiltrated 
LSM  cathodes  with  varied  electrode  thickness. 


and  it  was  increased  to  around  1 .3  mF  cm-2  and  1 .6  mF  cm-2  for  the 
30  |xm  and  50  [xm  thick  electrodes,  respectively.  The  intermediate- 
frequency  arc  showed  a  summit  frequency  of  102-3  x  103  Hz,  in 
agreement  with  the  results  from  Jorgensen  and  Mogensen  [38].  In 
the  literatures,  dissociative  adsorption  of  oxygen  or  surface  diffu¬ 
sion  has  been  proposed  to  interpret  this  kind  of  arc.  In  the  work  of 
Kim  et  al.  [36],  the  intermediate-frequency  arc  was  considered  to 
represent  0~  surface  diffusion  due  to  the  experimental  evidence  of 
a  P^4  dependence.  In  our  following  polarization  investigation  via 
three-electrode  configuration  discussed  below,  the  intermediate- 
frequency  arc  is  confirmed  to  correspond  to  surface  diffusion  of 
oxygen  species  along  the  electrode  surface  to  the  TPB  area. 

The  magnitude  of  the  low-frequency  arc  decreased  with  increas¬ 
ing  electrode  thickness  as  well,  and  depended  strongly  on  the 
electrode  thickness,  which  correlates  to  TPB  length.  The  capac¬ 
itances  of  the  low-frequency  arc  increased  from  6 mFcnrr2  to 
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Fig.  6.  Cathodic  polarization  curves  of  the  SDC-infiltrated  LSM  cathodes  with  varied 
electrode  thickness. 


27mFcm-2  as  the  electrode  thickness  increased  from  10|xm  to 
30  |jim  while  the  capacitance  of  the  100  pim  thick  electrode  was  as 
the  same  as  that  of  the  30  |xm  thick  electrode.  The  activation  energy 
of  Rl  was  between  1 .5  and  1 .6  eV,  comparable  to  the  values  reported 
by  Murray  and  Barnett  [8]  who  attributed  this  behavior  to  the  oxy¬ 
gen  adsorption  and  dissociation  according  to  the  determination  for 
reaction  order  of  oxygen  dependence.  The  summit  frequencies  of 
the  low-frequency  arc  were  10-300  Hz  with  elevated  temperature, 
suggesting  a  reasonable  agreement  with  the  findings  in  the  litera¬ 
ture  [39].  Since  the  arc  characteristics  in  the  present  work  were  in 
accordance  with  those  reported  in  the  literature,  this  low  frequency 
arc  was  assumed  to  be  affiliated  with  dissociative  adsorption. 

As  for  the  additional  low-frequency  arc  emerging  above  700  °C, 
its  magnitude  and  summit  frequency  were  independent  of  mea¬ 
surement  temperatures.  A  constant  capacitance  of  1  F  cm-2  and  a 
summit  frequency  of  5  Hz  were  uniformly  observed.  Some  authors 
reported  the  presence  of  such  a  low  frequency  arc  with  similar  char¬ 
acteristics  to  that  seen  here  and  attributed  it  to  gas  diffusion  [38,40]. 
Adler  et  al.  also  predicted  that  gas  diffusion  limitations  should  be 
found  at  lower  frequencies  than  for  other  processes  [41  ],  and  some 
authors  demonstrated  that  gas  diffusion  played  an  important  role 
at  high  temperature  just  like  our  case  [33]. 


3.3.  Polarization  measurement  on  half  cells 

Fig.  6  shows  the  results  of  DC  polarization  for  the  SDC-infiltrated 
LSM  cathode  with  different  electrode  thickness  measured  at  800  °C. 
The  electrode  overpotential  is  usually  affected  by  activation,  con¬ 
centration,  and  ohmic  resistances.  The  ohmic  overpotential  is 
determined  by  the  ohmic  resistance,  which  is  the  high  frequency 
intercept  on  the  real  axis  of  the  impedance  spectrum.  The  overpo¬ 
tential  shown  in  Fig.  6  could  be  attributed  mainly  to  the  activation 
overpotential  since  no  obvious  tendency  of  limiting  current  was 
observed  [42].  The  polarization  performance  of  the  SDC-infiltrated 
LSM  electrodes  was  enhanced  as  the  electrode  thickness  increased 
from  10  [xm  to  30  [xm.  Further  increase  in  electrode  thickness  did 
not  significantly  improve  the  electrode  performance.  For  instance, 
the  overpotential,  rj,  was  169  mV  for  the  10  pun  thick  electrode  at 
a  cathodic  current  density  of  1 00  mA cm-2.  It  decreased  to  1 1 9  mV 
and  112  mV  for  the  30  and  50  |xm  thick  electrode,  respectively.  This 
case  was  in  good  agreement  with  the  results  from  the  symmetrical 
cell  test. 

The  exchange  current  density  can  be  obtained  from  electro¬ 
chemical  measurements  using  the  AC  impedance  spectroscopy  in 
conjunction  with  low-field  and  high-field  approximations  to  the 


Butler-Volmer  equation  as  follows  [43]: 


i  =  io 


-  exp 


f  -acFr] 
V  RT 


) 
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where  i'o  is  the  exchange  current  density,  F  Faraday’s  constant,  R  the 
universal  gas  constant,  T  the  absolute  temperature,  and  aa  and  ac 
are  the  anodic  and  cathodic  charge  transfer  coefficients,  which  are 
related  to  the  number  of  electrons  involved  in  the  overall  reaction, 
n,  and  the  number  of  times  the  rate-determining  step  occurs  for 
one  occurrence  of  the  overall  reaction,  v,  as  follows: 


Oia  +  CLq  — 


n 

v 


When  the  overpotential  is  sufficiently  low,  Eq.  (1)  reduces  to: 


i  =  ioioia  +  oic ) 


(5) 


When  the  cathodic  overpotential  is  sufficiently  high,  Eq.  (1)  is 
simplified  to: 


i  =  -io  exp  (  (6) 

and  the  cathode  charge  transfer  coefficient  can  be  determined 
from: 


(7) 


In  the  low-overpotential  region,  i0  could  be  calculated  accord¬ 
ing  to  a  linear  relationship  between  i  and  rj  (assuming  n/v  =  4/2). 
The  exchange  current  density  was  33.1,  38.2,  and  38.6  mA cm-2 
for  10,  30,  and  50  |xm  thick  electrodes  at  800  °C,  respectively.  The 
increasing  exchange  current  density  versus  the  electrode  thick¬ 
ness  demonstrated  that  increasing  the  electrode  thickness  could 
accelerate  the  electrode  reaction  to  a  certain  extent,  and  an  opti¬ 
mal  electrode  thickness  could  be  achieved  around  30  |xm  for  the 
infiltrated  LSM  electrodes. 


3.4.  Typical  full  cell  test 

Since  the  polarization  test  for  the  half  cells  could  only  be  oper¬ 
ated  at  a  relatively  low  overpotential  while  the  electrodes  of  SOFCs 
will  be  normally  accompanied  with  higher  current  passage  in  a 
real  condition,  it  is  necessary  to  investigate  the  electrochemical 
performance  of  the  full  cell  with  the  SDC-infiltrated  LSM  cathode 
at  higher  current  density.  Shown  in  Fig.  7a  are  the  V-I  and  P-I 
curves  for  the  anode-supported  full  cells  with  the  SDC-infiltrated 
LSM  cathode  at  various  cathode  thickness.  The  peak  power  den¬ 
sities  of  the  cells  with  the  10,  30,  and  50  pun  thick  electrode  at 
800  °C  were  0.63, 1.16  and  1.11  W cm-2,  respectively.  Fig.  7b  and  c 
also  shows  the  impedance  spectra  of  the  corresponding  single  cells 
under  open  circuit  and  at  a  constant  potential  (vs  OCV)  of  400  mV, 
respectively.  No  matter  what  conditions  the  impedance  spectra 
were  measured,  RP  of  the  cells  significantly  decreased  as  electrode 
thickness  increased  from  10  to  30  |xm,  after  which  Rp  maintained  a 
relatively  stable  value.  This  tendency  is  in  good  agreement  with  the 
results  of  the  symmetrical  cell  and  half  cells.  McIntosh  et  al.  [44] 
pointed  out  that  it  is  difficult  to  separate  the  cathodic  polarization 
resistance  from  anodic  one  in  an  anode-supported  cell  configura¬ 
tion.  However,  it  was  reasonable  to  consider  that  the  variation  of 
Rp  originated  from  that  of  the  cathode  since  the  anodes  and  elec¬ 
trolytes  of  all  the  cells  were  fabricated  similarly.  Actually,  there  is 
a  general  agreement  that  the  polarization  loss  across  the  interface 
between  electrolyte/cathode  dominated  the  total  electrode  reac¬ 
tion  for  anode-supported  or  electrolyte-supported  cells  especially 
at  700  °C  and  above  [4,45,46].  The  present  work  further  confirmed 
this  finding.  Note  that  although  there  is  a  slight  difference  of  high- 
frequency  intercept  in  impedance  spectra  between  the  cell  with 
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Fig.  7.  (a)  Performance  of  the  full  cells  with  the  SDC-infiltrated  LSM  cathodes  at 
different  electrode  thickness;  and  the  corresponding  electrochemical  impedance 
spectra  measured  under  (b)  open  circuit;  and  (c)  at  400  mV  vs  OCV  at  800  °C. 

10|jim  thick  electrode  and  the  cells  with  thicker  electrodes,  it  is 
not  the  main  source  of  the  variation  in  the  cell  performance  when 
compared  with  that  of  Rp. 

4.  Concluding  remarks 

In  the  present  work,  electrochemical  characteristics  of  samaria- 
doped  ceria  (SDC)-infiltrated  strontium-doped  LaMn03  (LSM) 
cathodes  with  varied  thickness  on  yttria-stabilized  zirconia  (YSZ) 
were  studied.  The  results  showed  that  the  electrode  performance 
was  enhanced  with  increasing  electrode  thickness  up  to  ~30  pum, 
and  further  increases  in  the  thickness  did  not  cause  significant  vari¬ 
ation  of  electrode  performance  in  the  symmetrical  cell,  the  half  cell, 
or  the  full  cell  configuration.  Three  main  electrochemical  processes 
were  found  in  the  electrochemical  spectra,  possibly  corresponding 
to  the  oxygen  ion  incorporation,  surface  diffusion  of  oxygen  species 
and  oxygen  adsorption  and  dissociation.  The  electrochemical  per¬ 
formance  of  the  full  cell  showed  significant  improvement  as  the 
cathode  thickness  increased  from  10  to  30  pan  and  a  maximum 
power  density  of  over  1 .1 W  cm-2  was  measured  at  800  °C. 
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